Peroxynitrite (ONOO ؊ ) is a potent oxidant implicated in a number of pathophysiological processes. The activity of ONOO ؊ is related to its accessibility to biological targets before its spontaneous decomposition (t 1͞2 Ϸ 1 s at pH 7.4, 37°C). Using model phospholipid vesicular systems and manganese porphyrins as reporter molecules, we demonstrated that ONOO ؊ freely crosses phospholipid membranes. The calculated permeability coefficient for ONOO ؊ is Ϸ8.0 ؋ 10 ؊4 cm⅐s ؊1 , which compares well with that of water and is Ϸ400 times greater than that of superoxide. We suggest that ONOO ؊ is a significant biological effector molecule not only because of its reactivity but also because of its high diffusibility.
Ϫ
nitrates and inactivates manganese superoxide dismutase in chronic rejection of human renal allografts, which was proposed to be a general mechanism for the amplification of ONOO Ϫ oxidative damage (29) . Given the short lifetime of ONOO Ϫ (t 1͞2 Ϸ 1 s at pH 7.4, 37°C) (30) , a diffusion distance of Ϸ100 m has been estimated in physiological buffers (31) . However, cells are compartmentalized into membrane-protected organelles (32) . Thus, an important determinant of toxicity or signaling effectiveness of ONOO Ϫ will lie in its invasiveness and ability to access biological targets. Here, we demonstrate that ONOO Ϫ can diffuse freely across phospholipid membrane bilayers to react with target substrates. Thus, the significance of ONOO Ϫ as a biological effector molecule will derive not only from its reactivity but also its diffusibility. (33) . The sodium salt of ONOO Ϫ was prepared from the reaction of acidic H 2 O 2 with sodium nitrite following a published procedure (34) . All solvents were analytical grade. Water used in all the experiments was distilled and deionized (Milli-Q, Millipore).
MATERIALS AND METHODS

Materials
Vesicles Preparation. Small unilamellar vesicles (SUV) were prepared by using the method of ultrasonication of DMPC thin films containing Mn(III)ChP (35) . The porphyrin was replaced by retinoic acid (40 M) or tocopherol (80 M) in the lipid thin films for SUV used in the Fe(III)TMPyP protection experiments. Buffer solutions were added to the dry lipid thin films and sonicated using a probe tip sonicator (Branson model 250) for Ϸ5 min at 20-22°C. SUV generated were allowed to equilibrate for 1͞2 h before centrifugation to remove particulate matter. The final concentration of DMPC in the vesicular solutions was 1.67 mM. The Mn(III)ChP concentration was varied between 2 and 8 M.
Large unilamellar vesicles (LUV) were prepared using the detergent removal method (36) with modifications. In brief, a mixture of L-␣-phosphatidylcholine (63 mol), stearyl amine (18 mol), and cholesterol (9 mol) was dissolved in a phosphate buffer (50 mM, pH 7.4) solution containing Mn(II-I)TMPyP (200 M) and 1-O-octyl-␤-D-glucopyranoside (900 mol). This solution was applied to a Sephadex G-25 column (1 ϫ 20 cm) presaturated with an eluant consisting of Mn(II-I)TMPyP (200 M) in phosphate buffer (50 mM, pH 7.4). The exclusion of the detergent on the column resulted in the formation of LUV containing Mn(III)TMPyP (200 M) in the entrapped internal volume. The vesicles were eluted from the column by using the same solution used to presaturate the column. The vesicles were purified further on a Sepharose 4B column (2 ϫ 10 cm) using phosphate buffer (50 mM, pH 7.4). Neutral LUV without the positively charged stearyl amine were prepared similarly. Transmission electron micrographs of the LUV with entrapped Mn(III)TMPyP and SUV were obtained after fixing with 0.5% OsO 4 and staining with 2%
The publication costs of this article were defrayed in part by page charge payment. This article must therefore be hereby marked ''advertisement'' in accordance with 18 U.S.C. §1734 solely to indicate this fact.
© 1997 by The National Academy of Sciences 0027-8424͞97͞9414243-6$2.00͞0 PNAS is available online at http:͞͞www.pnas.org. (33) . The reaction of the manganese(III) porphyrin with peroxynitrite to afford oxomanganese(IV) and NO2 is depicted below. formation was linearly dependent on the ONOO Ϫ concentration. This allowed an estimation of the second-order rate constant (k) for the oxidation reaction after taking into account the spontaneous decay rates of ONOO Ϫ and the oxoMn(IV) species.
Protection of Membrane Components by Fe(III)TMPyP. Retinoic acid (40 M) and tocopherol (80 M) were incorporated into SUV preparations containing DMPC (1.67 mM). The reactions of ONOO Ϫ with retinoic acid were followed at 340 nm, and those with tocopherol were followed at 300 nm. The membrane-bound substrates were mixed with 250 M ONOO Ϫ , which resulted in a complete loss of chromophore in both cases indicating oxidation. For the protection experiments, the concentration of Fe(III)TMPyP was varied between 2 and 10 M. Under these conditions, the ONOO Ϫ concentration was exhausted quickly (t1 ͞2 ϭ 0.16 Ϫ 0.035).
RESULTS AND DISCUSSION
The membrane permeability of ONOO Ϫ has been examined in a phospholipid vesicular model system by exploiting the diagnostic reactions of manganese porphyrins we have described recently (37, 38) . Manganese porphyrins known to occupy different regions of the membrane system have been used to assess the accessibility of ONOO Ϫ to these sites. Thus, a membrane-spanning steroidal porphyrin [Mn(III)ChP] (33, 39) and a water-soluble [Mn(III)TMPyP] porphyrin were deployed within the hydrophobic bilayer and inside the aqueous interior compartment, respectively, of unilamellar vesicles (Fig. 1) . Oxidation of Mn(III) to the corresponding oxo Mn(IV) species was followed by observing the signature changes in the UV-vis spectra on addition of ONOO Ϫ to the medium.
The solution reaction of Mn(III)TMPyP with ONOO Ϫ was found to be fast and stoichiometric by rapid mixing stoppedflow spectrophotometry (Fig. 2) ) but demonstrated the ability of ONOO Ϫ to enter and react within the hydrophobic region of the membrane (Fig. 1) . Likewise, retinoic acid and tocopherol were oxidized readily by ONOO Ϫ under these conditions. Mn(III)TMPyP redox coupled with antioxidants, which catalytically reduces ONOO Ϫ , has been shown to afford a dose-dependent protection of these lipid components (40) . Fe(III)TMPyP, which has been reported to isomerize ONOO Ϫ to nitrate (41) , also effectively prevented the oxidation of these lipid components by ONOO Ϫ . Liposomal assemblies of both manganese and iron porphyrin amphiphiles have been found to be effective as well but only when the molecular design of the membrane anchor allowed the charged porphyrin moiety to occupy the aqueous region of the membrane interface (42) .
Significantly, the reaction of ONOO Ϫ with Mn(III)TMPyP entrapped within LUV resulted in the efficient production of the oxoMn(IV) species (Fig. 3A) . Similar results were obtained with the oxidant OCl Ϫ . By contrast, HSO 5 Ϫ (43) failed to react under these conditions (Fig. 3 B and C) , demonstrating that the LUV were impermeable to this less chaotropic and less basic anion. The high membrane permeability of ONOO Ϫ and OCl Ϫ may be attributed to the relatively high pKa of their conjugate acids, 6.8 (18, 19) and 7.4 (44), respectively. The order described by the Eisenman sequence I for anions crossing artificial membranes is: (R ϭ 0.996), respectively. We also determined that the presence of the positively charged stearyl amine did not assist in ONOO Ϫ transport across membranes because its removal to generate neutral vesicles did not change the observed rates of the oxidation reactions. We suggest that the hydrophobic vesicular barrier may modulate the pKa of ONOO Ϫ (46), thus facilitating the transport of the neutral HOONO species across membranes.
Comparison of rates of reaction between Mn(III)TMPyP and ONOO Ϫ in solution and in the Mn(III)TMPyP͞LUV system (Fig. 3D) showed that membrane entrapment retarded the rate of manganese oxidation by only 2-fold. Accordingly, the barrier offered to ONOO Ϫ transport by the membrane is small. This rate difference allows an estimate of the permeability coefficient (P) for ONOO ] in ). The ratio of these concentrations is directly related to k obsd and k intrinsic , the observed and intrinsic rate constants for the reaction of ONOO Ϫ with Mn(III)TMPyP we have measured (Eq. 1).
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In the steady state, the membrane crossing rate of ONOO Ϫ was taken to be equal to the rate of the oxidation of the entrapped porphyrin inside the LUV, reflecting the barrier offered by the lipid bilayer to the diffusion of ONOO Ϫ (Eq. 2). Thus, P is expressed as in Eq. 3, where A is the surface area of vesicles, and V in is the volume entrapped in LUV.
Calculated values for A ϭ 4.0 ϫ 10 6 cm 2 ͞L and V in ϭ 10 ml͞L derive from the observed radius of the vesicles and afforded a value for P ϭ 8.0 ϫ 10 Ϫ4 cm⅐s Ϫ1 at pH 7.4. Simulations using this permeability coefficient agreed well with the experimental data. A simple, sequential reaction model was assumed, taking into consideration the ONOO Ϫ diffusion across phospholipid membrane and subsequent reaction with the entrapped Mn(III)-TMPyP.
We also have considered the recently reported reaction between ONOO Ϫ and CO 2 to generate an unstable intermediate, presumably ONOOCO 2
) (47, 48) . Because the physiological concentration of HCO 3 Ϫ is relatively high (Ϸ25 mM) and is in equilibrium with CO 2 , this reaction has been suggested to be an important pathway for ONOO Ϫ and a determinant of toxicity. However, the rate of diffusion for ONOO Ϫ crossing lipid bilayers determined here is at least 30 times faster than the ONOO Ϫ reaction with the physiological concentration of CO 2 (see Table 1 ). Preliminary experiments showed that the oxidation of manganese by ONOO Ϫ in the Mn(III)TMPyP͞LUV system remained unaffected by 25 mM HCO 3 Ϫ , indicating further that the transmembrane diffusion of ONOO Ϫ is faster than its reaction with CO 2 . Therefore, we conclude that the transmembrane diffusion of ONOO Ϫ is considerably faster than all documented reaction rates of ONOO Ϫ with its biological targets.
Significantly, the permeability coefficient P obtained for ONOO Ϫ in this way is close to that reported for water (49) and is Ϸ400 times faster than that of superoxide (50, 51) (Table 1) . Accordingly, the availability of superoxide across biological membranes is limited both by its relatively slow diffusion and the high concentrations of superoxide dismutase within the cell (25, 52, 53) . The high membrane permeability observed here for ONOO Ϫ may have important consequences regarding its biochemistry and pathophysiology. Thus, in marked contrast to superoxide ion (54) , ONOO Ϫ can be expected to have free access to cell interiors across membranes and over distances of cellular dimensions, necessary properties for a biological effector molecule. 
